Abstract. Parkinson's disease (PD) is an age-associated neurodegenerative disorder characterized by the death of dopaminergic neurons in the substantia nigra pars compacta. Activation of 5'-adenosine monophosphate-activated protein kinase (AMPK) has been suggested to be associated with PD pathogenesis. The aim of the present study was to investigate the effects of the aberrant expression of microRNA-185 (miR-185) in PD. A 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced in vitro model of PD was generated using the human SH-SY5Y dopaminergic neuroblastoma cell line, in order to examine the potential molecular mechanisms underlying the roles of miR-185 in PD. miR-185 expression was assessed in MPTP-treated SH-SY5Y cells using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). In addition, MPTP-treated SH-SY5Y cells were transfected with a miR-185 mimic or scramble miRNA, and flow cytometry was used to evaluate the level of cellular apoptosis. The expression of autophagy markers, including Beclin 1, microtubule-associated protein light chain 3 (LC3) I and LC3II, as well as key molecules involved in the AMPK/mechanistic target of rapamycin (mTOR) signaling pathway, such as phosphorylated (p)-AMPK and p-mTOR, was examined using RT-qPCR and western blot analyses. In addition, SH-SY5Y cells were treated with the AMPK inhibitor, Compound C, and its effects on cellular apoptosis were assessed. The results demonstrated that miR-185 was significantly downregulated in SH-SY5Y cells treated with MPTP at concentrations of >100 µM when compared with untreated controls. Following transfection with a miR-185 mimic, miR-185 expression in SH-SY5Y cells was significantly increased when compared with blank control cells. Notably, miR-185 overexpression was revealed to significantly reduce the MPTP-induced increase in cellular apoptosis. In addition, the expression levels of Beclin 1, LC3I/II, p-AMPK and p-mTOR were significantly upregulated in MPTP-treated SH-SY5Y cells; whereas miR-185 overexpression significantly downregulated the expression of these factors. Furthermore, miR-185 overexpression significantly suppressed apoptosis of SH-SY5Y cells treated with MPTP plus Compound C when compared with the Compound C group. In conclusion, the results of the present study suggest that overexpression of miR-185 may inhibit autophagy and apoptosis of dopaminergic cells in PD potentially via regulation of the AMPK/mTOR signaling pathway. Therefore, AMPK/mTOR-mediated autophagy and apoptotic signaling pathways may be potential novel therapeutic targets for the development of alternative strategies for the treatment of patients with PD.
Introduction
Parkinson's disease (PD) is an age-associated neurodegenerative disorder characterized by the death of dopaminergic (DAergic) neurons in the substantia nigra pars compacta (1, 2) . It is the second most common neurodegenerative disease after Alzheimer's disease, always occurring in people over 60 years old (3) . The principal manifestations of PD include a resting tremor, rigidity, hypokinesia and postural instability (4, 5) . It is reported that PD can be caused by environmental risk factors and genetic factors (6) (7) (8) . Despite major advances in the understanding of PD pathophysiology, no treatments are currently available to prevent disease progression (9) . Additionally, the exact molecular mechanisms that initiate PD are still unclear (10) . Therefore, elucidating the molecular mechanisms involved in the pathogenesis of PD is imperative for the development of novel effective therapeutic approaches for the treatment of patients with PD.
MicroRNAs (miRNAs) are small, endogenous, noncoding RNA molecules, which have exhibited potential as biomarkers or therapeutic targets for PD (11) (12) (13) . Bioinformatics analysis has revealed that ~200 miRNAs, including miR-627, miR-634, miR-514, miR-563 and miR-613, are differentially expressed between PD and healthy tissue samples (14) , suggesting that miRNAs may participate in PD pathogenesis and progression. In addition, upregulation of miR-124 has been demonstrated to regulate autophagy and apoptotic processes, and thus reduce the loss of DAergic neurons in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced model of PD (15) . Furthermore, miR-7 has been reported to possess neuroprotective properties, exerted through the inhibition of neuronal apoptosis in an in vitro model of PD (16) . It is also reported that miR-7 can modulate neuroinflammation in the pathogenesis of PD through targeting Nod-like receptor protein 3 inflammasome (17) . Therefore, it is hypothesized that miRNAs serve critical roles in PD via the regulation of autophagy and apoptotic pathways in DAergic neurons. Recently, miR-185 expression was reported to be downregulated in serum samples isolated from patients with PD compared with in healthy individuals (18) . However, the roles of miR-185 in PD, as well as the molecular mechanisms underlying its involvement in the pathogenesis of the disease, have yet to be elucidated.
The present study investigated the expression of miR-185 in an MPTP-induced in vitro model of PD using the human SH-SY5Y DAergic neuroblastoma cell line. In addition, the effects of miR-185 overexpression on cellular autophagy and apoptosis were investigated. In order to explore the molecular mechanisms underlying the effects of miR-185 during PD pathogenesis, the 5'-adenosine monophosphate-activated protein kinase (AMPK)/mechanistic target of rapamycin (mTOR) signaling pathway was examined. The aim of the present study was to investigate whether the aberrant expression of miR-185 played a key role in the pathogenesis of PDFindings of this study may provide a basis for the development of new therapeutic approaches of this disease.
Materials and methods
Cell culture. The human SH-SY5Y DAergic neuroblastoma cell line was purchased from American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 100 U/ml penicillin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), and incubated at 37˚C in a humidified 5% CO 2 atmosphere.
MPTP has been reported to produce irreversible and severe Parkinsonism, and has widely been used for the establishment of PD models (19) . 1-Methyl-4-phenylpyridinium is the active metabolite of MPTP, and is a potent neurotoxin for SH-SY5Y cells and DAergic neurons in the substantia nigra (20) . In the present study, SH-SY5Y cells were treated with 0, 50, 100, 200 or 400 µM MPTP (Sigma-Aldrich; Merck KGaA) for 24 h to generate an in vitro PD model. SH-SY5Y cells were then harvested for further analysis.
Cell transfection. For SH-SY5Y cell transfection, a miR-185 mimic and scramble miRNA were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The miR-185 mimic sequence was 5'-UGG AGA GAA AGG CAG UUC CUG A-3' and the scramble control sequence was 5'-UUG UAC UAC ACA AAA GUA CUG-3'. miRNAs were transfected into SH-SY5Y Cell apoptosis. An Annexin V-fluorescein isothiocyanate (FITC) cell apoptosis kit (cat. no. V13241; Invitrogen; Thermo Fisher Scientific, Inc.) was used to assess SH-SY5Y cell apoptosis by flow cytometry. Briefly, following transfection with miR-185 and scramble miRNAs for 48 h, cells were harvested by trypsinization and resuspended in the staining buffer. Cells were fixed with 4% formaldehyde for 30 min at room temperature and permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature and were incubated for 10 min with 5 µl Annexin-V-FITC and 5 µl propidium iodide (PI) at room temperature (~22˚C). Apoptotic cells, identified as Annexin V-positive and PI-negative cells, were subsequently analyzed by flow cytometry using CellQuest software version 5.2 (BD Biosciences, San Jose, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following transfection with miR-185 or scramble controls for 24 h, total RNA was extracted from cells (2x10 6 cells) using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Total RNA was reverse transcribed into cDNA using the iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA), according to the manufacturer's protocol. qPCR was performed using SYBR-Green Master mix (Thermo Fisher Scientific, Inc.). Primers used for qPCR amplification are presented in Table I , and GAPDH was used as the internal control. Following heating to 94˚C for 2 min, the experimental reaction with a volume of 50 µl was subjected to 32 cycles of 94˚C for 30 sec, 61˚C for 30 sec, and 72˚C for 30 sec, and the PCR products were analyzed by 1.5% gel electrophoresis. Relative gene expression was calculated using the 2 -ΔΔCq method (21) .
Western blot analysis. Cells were washed twice with ice-cold PBS, collected and lysed using 2 ml lysis buffer. Following transfection with miR-185 or scramble controls for 24 h, total protein was extracted from cells (2x10 6 cells) using radioimmunoprecipitation assay lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate; pH 7.8; Sangon Biotech Co., Ltd.). The lysates were centrifuged at 10,000 x g for 10 min at 4˚C. Protein concentration was detected using the bicinchoninic acid Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal quantities of extracted protein samples (~50 µg) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with phosphate-buffered saline containing 0.2% Tween-20 and 5% non-fat milk at 4˚C overnight, and then incubated with the following primary antibodies overnight at 4˚C: Anti-Beclin 1 (cat.
no. sc-48341; 1:1,000; Santa Cruz Biotechnology, Inc. Dallas, TX, USA), anti-microtubule-associated protein light chain 3 (LC3)I (cat. no. sc-16756; 1:1,000; Santa Cruz Biotechnology, Inc.), anti-LC3II, anti-AMPK (cat. no. ab80039; 1:1,000; Abcam, Cambridge, UK), anti-p-AMPK (cat. no. ab133448; 1:1,000; Abcam), anti-mTOR (cat. no. sc-293089; 1:1,000; Santa Cruz Biotechnology, Inc.), anti-p-mTOR (cat. no. sc-293133; 1:1,000; Santa Cruz Biotechnology, Inc.), and anti-GAPDH (cat. no. sc-293335; 1:5,000; Santa Cruz Biotechnology, Inc.). Membranes were then probed with horseradish peroxidase-conjugated secondary antibodies (cat. nos. ab131368 and ab191866; both 1:5,000; Abcam) for 2 h at room temperature. Protein bands were visualized by enhanced chemiluminescence (ECL) using an ECL Western Blotting Detection system (GE Healthcare, Chicago, IL, USA). GAPDH was used as the internal control.
Statistical analysis. Differences among groups were assessed using one-way analysis of variance followed by the least significant difference test. Data are expressed as the mean ± standard deviation of at least three independent experiments. Statistical analysis was performed using GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

miR-185 is downregulated in MPTP-treated SH-SY5Y cells.
In the present study, RT-qPCR was used to assess the expression of miR-185 in MPTP-treated SH-SY5Y cells. As shown in Fig. 1 , the expression levels of miR-185 in SH-SY5Y cells exhibited a dose-dependent decrease following treatment with increasing MPTP concentrations. Notably, miR-185 expression was significantly downregulated following treatment with MPTP at concentrations of >100 µM when compared with untreated controls (100 µM, P<0.05; 200 µM, P<0.01; 400 µM, P<0.001). These results suggest that miR-185 may be downregulated in DAergic neurons during the pathogenesis of PD.
miR-185 overexpression reduces MPTP-induced apoptosis of SH-SY5Y cells.
In order to investigate the effects of miR-185 in MPTP-induced PD, SH-SY5Y cells were transfected with a miR-185 mimic or a negative control. As shown in Fig. 2A , the expression of miR-185 in SH-SY5Y cells was significantly increased following transfection with the miR-185 mimic when compared with untransfected control cells (P<0.01), indicating that miR-185 was successfully overexpressed in MPTP-treated SH-SY5Y cells. In addition, flow cytometric analysis revealed that treatment with MPTP was associated with a significant increase in the percentage of apoptotic SH-SY5Y cells, whereas miR-185 overexpression significantly suppressed MPTP-induced cell apoptosis (P<0.05; Fig. 2B and C) .
miR-185 overexpression decreases MPTP-induced autophagy of SH-SY5Y cells.
The effects of miR-185 overexpression on MPTP-induced SH-SY5Y cell autophagy were investigated by assessing the protein expression of the autophagy markers, Beclin 1, LC3I and LC3II. As shown in Fig. 3 , the mRNA expression levels of Beclin 1 and the LC3II/LC3I ratio were significantly upregulated in SH-SY5Y cells following treatment with MPTP. Notably, miR-185 overexpression significantly suppressed the MPTP-induced upregulation in the expression levels of these autophagy markers (P<0.05). Similar results were identified in the western blot analysis. These results suggested that miR-185 overexpression may decrease MPTP-induced cell autophagy. CTGACCAGGGCTGGCAACTCTAGATGGC  LC3I  TCCGACCGGCCTTTCAAGCAG  GAGAACCTGACCAGAACTCCCAG  LC3II  AAACGCATTTGCCATCACAGT  GTGAGGACTTTGGGTGTGGTTC  AMPK  GCTGTGGATCGCCAAATTAT  CACGTGCTCATCATCGAAAG  mTOR  ATTTGATCAGGTGTGCCAGT  GCTTAGGACATGGTTCATGG  GAPDH GGGAGCCAAAAGGGTCAT GAGTCCTTCCACGATACCAA miR, microRNA; AMPK, 5'-adenosine monophosphate-activated protein kinase; mTOR, mechanistic target of rapamycin. 
miR-185 overexpression suppresses activation of the AMPK/mTOR signaling pathway.
To further investigate the molecular mechanisms underlying the involvement of miR-185 in PD pathogenesis, the AMPK/mTOR signaling pathway was examined. As shown in Fig. 4A , miR-185 overexpression was revealed to significantly inhibit the MPTP-enhanced upregulation of AMPK and mTOR mRNA (P<0.05), which suggests that miR-185 overexpression suppresses activation of the AMPK/mTOR signaling pathway. As presented in Fig. 4B , the protein expression levels of AMPK and mTOR were not altered by MPTP or MPTP+miR-185 treatment. In addition, the MPTP-induced upregulation of p-AMPK was reduced by miR-185 transfection, whereas p-mTOR expression was increased following MPTP+miR-185 treatment. These results suggested that miR-185 did not inhibit activation of the AMPK/mTOR signaling pathway.
To further investigate the effects of miR-185 on the AMPK/mTOR signaling pathway, cells were treated with the AMPK inhibitor, Compound C, for 1 h, and the effects of AMPK inhibition on SH-SY5Y cell apoptosis were assessed by flow cytometry. The percentage of apoptotic SH-SY5Y cells was significantly increased following treatment with MPTP and Compound C when compared with cells treated with Compound C alone (P<0.01; Fig. 5 ). However, miR-185 overexpression significantly suppressed SH-SY5Y cell apoptosis following co-treatment with MPTP and Compound C compared with the MPTP+Compound C+blank and MPTP+Compound C+negative groups (P<0.05). These results suggest that miR-185 may be involved in the regulation of MPTP-induced apoptosis via modulation of the AMPK/mTOR signaling pathway.
Discussion
In the present study, the role of miR-185 in the regulation of cellular autophagy and apoptosis were investigated in an MPTP-induced in vitro model of PD, and the underlying molecular mechanisms were explored. The results demonstrated that miR-185 was significantly downregulated in MPTP-treated SH-SY5Y DAergic cells. Notably, miR-185 overexpression was revealed to significantly suppress MPTP-induced apoptosis and autophagy in SH-SY5Y cells. In addition, miR-185 overexpression was demonstrated to inhibit activation of the AMPK/mTOR signaling pathway in MPTP-treated cells. These results suggest that miR-185 may be involved in the pathogenesis and progression of PD.
Apoptosis and autophagy are basic cellular processes, which are essential for the maintenance of neuronal homeostasis under physiological conditions. Dysfunction of these processes has been reported in various neurodegenerative diseases, including PD (22) (23) (24) . Apoptosis has been previously identified as a critical factor that contributes to neuronal degradation in PD (25) . In addition, dysregulation of autophagy processes has been reported in animal models of PD, as well as in samples isolated from patients with PD (26) . Beclin 1 upregulation has been revealed to prevent apoptosis and enhance the activity of autophagy signaling pathways (26) . An age-dependent downregulation in Beclin 1 expression has been demonstrated to occur in the brain, which has been associated with a reduction in autophagy during the progression of neurodegenerative diseases (27) .
miR-185 has been identified as a crucial regulator of cell death processes in lung epithelial cells induced by oxidative stress (28) . In addition, miR-185-3p has been reported to modulate the growth and apoptosis of nasopharyngeal carcinoma cells (29) . In the present study, miR-185 overexpression was revealed to significantly suppress MPTP-induced apoptosis of SH-SY5Y cells. Furthermore, miR-185 overexpression significantly downregulated the expression of the autophagy markers, Beclin 1 and the LC3II/LC3I ratio, in MPTP-treated cells, thus indicating suppression of cell autophagy. The LC3II/LC3I ratio is a well-established biochemical assay for the activation of autophagy (30) . These results are in accordance with previous studies (22, 23) suggesting that miR-185 may be implicated in the progression of PD via the regulation of cellular apoptosis and autophagy signaling pathways.
To further investigate the molecular mechanisms underlying the involvement of miR-185 in the pathogenesis of PD, the effects of miR-185 on the AMPK/mTOR signaling pathway were examined. mTOR has been identified as an indirect target of AMPK, and is negatively regulated by AMPK; a process that is critical for the regulation of cell growth and survival (31, 32) . In addition, mTOR has been demonstrated to induce apoptosis and autophagy during the development of neurocardiac complications in diabetes mellitus (33) , and AMPK-induced mTOR inhibition reportedly occurs in autophagy processes during neuronal cell death induced by the neurotoxin, tributyltin (34) . Hydrogen peroxide has been revealed to inhibit mTOR signaling and lead to neuronal apoptosis through the activation of AMPK (35) . In addition, Arsikin et al (36) demonstrated that AMPK/mTOR-dependent autophagy contributed to the induction of oxidative stress, thus leading to SH-SY5Y cell apoptosis. In the present study, miR-185 overexpression downregulated the mRNA expression of AMPK and mTOR, which had been enhanced following treatment with MPTP. Furthermore, miR-185 overexpression significantly suppressed apoptosis of SH-SY5Y cells treated with MPTP and an AMPK inhibitor simultaneously. These results suggested that miR-185 overexpression may suppress the death of DAergic neurons in the substantia nigra, and therefore prevent the development and progression of PD via inhibition of the AMPK/mTOR signaling pathway. However, further studies are required to fully elucidate the association between miR-185 and the AMPK/mTOR signaling pathway, and explore the molecular mechanisms underlying their roles in the pathogenesis of PD.
In conclusion, the results of the present study suggest that miR-185 may inhibit neuronal autophagy and apoptosis via regulation of the AMPK/mTOR intracellular signaling pathway in PD. Therefore, the authors hypothesize that AMPK/mTOR-mediated autophagy and apoptotic signaling pathways may be potential novel therapeutic targets for the development of alternative strategies for the treatment of patients with PD.
